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SUMMARY

A. OBJECTIVES OF THE CONTRACT

The objectives of this contract are to develop an atomic hydrogen
maser frequency and time standard which is smaller and |.ghter by

a factor of eight or more from previous designs aid which is corre-
spondingly less expensive, but which exhibits improved stability
performance over other atomic standards, as well as improved relia-

bility, efficiency, and operating life.
B. TECHNICAL PROBLEM

Atomic hydrogen maser frequency and time standard; exhibit excep-
tionally good stability, reproducibility, and accuracy, and are

potentially useful in a wide range of critical applications.

However, in the past these masers have been very large (180x50x50 cm),

very heavy (200-400 Kg), and very expensive ($100,000.00 and up).
The large size has been due to the use of a large microwave cavity
resonant at the hydrogen frequency, with associated vacuum system,
magnetic shields, and thermal enclosure. If means for reducing

the cavity size, while maintaining adequate cavity quality factor
and other physical parameters, can be realized, the technological
and financial benefits will be correspondingly improved.

The present contract arose from an unsolicited proposal to prove out
a previously conceived new method of realization of a much smaller

maser cavity resonator structure.
C. GENERAL METHODOLOGY

The general approach is to first measure and evaluate a range of
cavity resonator and storage bulb assemblies having the new config-
uration to establish the best geometrical shape and dimensions,
then to design and test a breadboard model hydrogen maser, and
finally to design, fabricate, evaluate, and deliver to the US Air

Force one operational atomic hydrogen maser standard‘brototype.

The period of the contract is 3 years, which started in March 1979.




D. TECHNICAL RESULTS

With 27 months of the program complete, the work is on schedule. Preliminary

tests of representative cavity resonator configurations provided the guide-

lines for construction of a breadboard feasibility model maser. The bvecd-

board maser tests were successfullycompleted, and a deliverable prototype .
maser was designed. The prototype maser is in the final stage of assembly,

and operational tests will be performed in the near future.

E. FUTURE WORK

The next technical reporting period covers completion of the contracrt.
After assembly, evaluation, and documentation are completed, the prototype

maser will be delivered and the final report will be submitted for approva.
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1 PROGRAM OVERVIEW

The new approach to atomic hydrogen maser design upon which the LIGHT
WEIGHT HYDROGEN MASER DEVELOPMENT PROGRAM of the present contract rests

is described in reference (1), '"Small, Very Small, and Extremely Small
Hydrogen Masers," by Harry E. Peters. Subsequent work in the present
program has also been described in the paper (2), 'New iydrogen Maser
Designs," and (3), "Feasibility of Extremely Small Hydrogen Masers,"

by the same author. As is widely recognized, there is a critical nced

for the stability properties of the hydrogen maser in many applications,
such as space tracking, navigation, global positioning systems, basic time
and frequency standards, geodesy, communications, and radio astronomy.
Widespread use has been limited, however, due to the hydrogen maser's
large size (30 Ft3), heavy weight (500-800 pounds), great cost ($100,000.00
to $300,000.00), and general unavailability (only government funded

laboratories have constructed hydrogen masers herctofore.)

Success with the new design concept will make hydrogen masers very
attractive for a number of applications now served by less adequate
standards such as cesium, rubidium, or crystal oscillators. With

wide spread use the cost will be reduced further, and large numbers
will make it feasible for commercial sources to provide service and

application support not presently available.

There are 3 basic phases to the present program. First, to make
measurements of cavity and storage bulb assemblies based upon the
new concepts; second, to design and test an operaticnal laboratory
breadboard maser; and third, to design, construct, test and deliver
a prototype standard to the US Air Force for performance evaluation.
The program phases and the time schedule were outlined in attach-

ments 1 and 2 of the first Interim Technical Report.
II PROGRESS

At the present time 27 months of the 36 month contract period has passed,

and the work is on schedule. Since the last Interim Technical Report was

presented, the electronic and physical subassemblies of the deliverable
prototype hydrogen maser have been assembled and final processing and

assembly of the maser is nearing completion at this writing. A
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description of the prototype maser and a discussion o :urrent research
results was presented at the 35th Annual Symposium on Frequency Control

in a paper "Feasibility of Extremely Small Hydrogen Masers,' (3). A

copy of this paper is attached.

III WORK FOR THE NEXT REPORTING PERIOD

The next technical reporting period covers completion of the contract.
After assembly, evaluation, and documentation are completed, the prototype

maser will be delivered and the final report will be submicted for approval.

Iv EQUIPMENT PURCHASES

There have been no purchases of special government owned equipment

this period.

\% PERSONNEL

There have been no changes in personnel. There is one person presently

engaged in thig effort, the principal investigator, Harry E. Peters.

VI PREVIOUS AND RELATED CONTRACTS AND PUBLICATIONS

There are no previous or related contracts. There has beenone publication,

Reference (3) attached, which discribes work performed under this contract.

VI1 REFERENCES

(1) Harry E. Peters, 'Small, Very Small, and Extremely Small Hydrogen
Masers," Proceedings, 32nd Anrual Symposium on Frequency Control,
USAERADCOM, Fort Monmouth, NJ, 1978.

Harry E. Peters, 'Ncw llyirogen Maser Designs,'" Proceedings, 34th
Aunual Symposium on Frequency Control, USAERADCOM, Fort Mommouth,
NJ, 198¢C.

H.E. Peters, "Feasibility of Extremely Small Hydrogen Masers,"
Proceedings, 35th Annual Symposium on Frequency Control,
USAERADCGOM, Fort Monmouth, NJ, 1981,




L e o cae

\ ¥4 T
: 3.370587% 51 89 70, 4C NC 1183 . . $¢ 4204
e 5u 288 _wsos GQ
7 \\\ . € ey - .
juaptsaag ‘saoi3og - Liaey
K\M . \ 18/0¢/y
g AL NN :cé G INISI230 T2 Ty 40 37114 ONY IRYN 3avg
T G3en e UTa e $307 23 dna 3T AN3 T LU 30E05 37 IMASLT SIC A 3m1s GNY NOI1LYD 41ANI0I LamOBd LY R $3131.830 BOLOVEINOS
NOLLYII41L¥3D - 1N NOILD3S T
aat13e33N
L L Imeey ISy D cw3ANAN apo) drz apnjouy)
AaZ¥2.%20d08 #ILNT L3I0 368 T4 wyOe S.~C' LNFavy ru<¢¢>20ume BCLO¥YB.NTZE"S 2C
SI.vC .3va.n236"8 e (ary| 227823976, tre, SP3aiv Ine 3nvs )
TT3i8is 05 ,, SUON, 11/ (510831U03QNS 40) po.110des A[¥NCIasid Jou nq pasnbas uonEWIO[UI 31 PRSI W . ¥Q LOVELINDSENS §
fase1y  Siuliy 1wied., ® Suiumiuer) SLIVELNQODIBNS - I NOILD3S
wn
[
W
}
an13e€80
onN $3IA o~ $3 A wIGNAN Tyim3Ss
U3D1430 NOILYDINggY NOtLY I YaayY tNILYs HO
omzmwwnd",ﬂmvw mzw.wﬁn.u MIBANN NOILYDI41INIGH NOILNIANI 30 37411 (§IMOLNIANI 3C IV A
o aTugssy ©0i s13313 3dursono6ig
. o | 3
A4OLvim: aNG (AN U0 IVEINOD MOLIVHINGD ) 18) (15
(e1mi6 08 ,,‘0ucy,, 11) (P810de: 3G 0) Pesjnbes SUCHUSAU! I1® 818 MOIeq pese17) vivQ NOILNIANI
(sesuonuaau] )38(qng,,) SNOILNIANI - 1 NOILD3S
SYNI4 q ICENLTEE N ¢ COYSE TV .ﬁ.wOOﬂmuwDH
(sv0 13045) LYOdIY 40 AdAL ¢ aueT %huwnxum: %101 ‘//81 X0€ '0°d
%010-D~6L-879614 ) NOILVY0d¥0D SAUVANVLS VL VKIIS
¥IAWNN LOVHINOD ¢ (opoD Wiz epnjoul) HOLOVULNOD 40 $S38CAV ONV INVYN |
0914-2Z "ON WO (aplg 351943y UC SUONDNIISU] 93§) (Isne]) 10B1IUOY)  SIYFIY JUdled,, O} JuBnsing)
QIAOULIY WHOA SLOVALNODSNS ANY SNOIANIAN! 40 LN¥OdIY




Y

FEASIBILITY OF EXTREMELY SMALL
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Preprint

This report is a preprint of a paper submitted
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from: Electronics Industries Association, 2001 Eye St.
N. W., Washington, D. C., 20006.




FEASIBILITY OF EXTREMELY SMALL
HYDROGEN MASERS

H. E. Peters

Sigma Tau Standards Corporation
Tuscaloosa, Alabama

Summary

The possibility of achieving much smaller
and less expensive hydrogen masers than have
heen built in the past was pointed out in 3
paper presented at this symposium in 1978.¢
Sxperimental work to establish the feasibility
>f 1 "$mall Hydrogen Maser,"” with physics unit
oanlv 3.2 inches in diameter and 19.75 inches
long, has since been undercaken with support of
the United States Air Force,“ and progress with
this work was presented in a paper, '"New Hydrogen
Maser Designs," which was presented at the 34cth
Anrual Symposium on Frequency Control in 1980.3

In the following sections progress with
the "Small Hydrogen Maser" prototype which is
currently being assembled is presented. In
addition, the effect of cavity pulling on
stability is discussed, and a feasible design
‘or an "Extremely Small Hydrogen Maser," with
a cavity which is only 2 inches in diameter
by % inches long, is presented.

Key words (for information retrieval)
Hydrogen Maser, Atomic Hydrogea Standard,
Frequency Standard, Frequency Stability.

Introduction

The active hydrogen maser oscillator has
:xceptionally good stability for all measurement
intervals longer than one second; however it has
found its greatest usefulness in specialized
applications at standards laboratories, tracking
stations, and radio astronomy observatories due
zo its remarkably superior stability for the
intermediate measurement intervals between one
second and one day. Limited from wider applica-
tions by its high cost, large size, and heavy
weight, a very significant cffort has beern ex-
pended at many research and development ladora-
tories in the last few years to overcome these
obstacles without degrading the stability.

The present paper reports on the progress
achieved in size and weight reduction by use of
a novel design wherein elcctrodes are mounted
directly on the storage bulb. Use of a new ap-
proach for active cavity Q enhancement to achieve

oscillation is presented and the effect of cavity
pulling on the maser stability is considered. At
the extreme size reduction of the "Extremely Small
Hydrogen Maser," the performance achievable and
the corresponding size and weight benefits arc
considered in the last section.

Small Hydrogen Maser

Figure 1 is a picture of the "Small Hydrogen
Maser" which is presently being assembled. The
instrumentation, controls and electronics sub-
systems have been completed. The processing of
physical sub-systems such as source, storage bulb,
cavity and vacuum enclosure is in progress at this
writing; these fit within the blue cylinder in the
center of the framework.

The electronics sub-systems have neen pack-
aged in functionally separate mecdules, each of
which may be uncovered for operational testing
without disconnection of power. They may also be
removed, repaired, or replaced as units in case
of malfunction. The modules on the front panel
are: 1. Vac-Ion pump supply; this is a DC-DC
converter which provides 3,000 volts for the pump,
2. The source pressure control module which auto-
matically regulates hydrogen flow, 3. The re-
ceiver synthesizer; this supplies the 405 KHz
reference frequency for the receiver phase lock
loop ~ there are 11 decades of control which
give a resolution of * 5 x 10~15 for the output
frequencies, 4. The receiver VCO and output
buffer amplifiers, 5. The receiver local
oscillator multiplier and IF amplifier module,

6. The module containing the magnetic field and
cavity frequency controis, 7. The instrumenta-
tion read-out module. There are 14 read-out
channels which are selected by & binary coded
switches to provide visual indication of vari-
ables on a 4 % decade digital panel meter.

The power supply has been placed in a module
mounted at the rear of the frame. The cover may
be removed for changing connections or trouble
shooting without disconnecting the power. Ratter-
ies for uninteruptable standby operation are
placed in & separate external battery pack. For
long term operation without A-C power, a 45 A-H
capacity battery is used which will last for
fifteen hours.




Breadboard Maser Tests

first tests of a oreadboard hydrogen maser
which nad cavity and bulb dimensions similar to
the prototype maser presently under construction
indicated that the maser did not oscillate ac che
hydrogen flux available. The beam was observed
using pulsed stimulated emission. After opZi-
mizing hu scurce collimator ana re-aligning tne
Seam optics, the situation was improved, but the
maser stili would not quite oscillate. While the
Sreadboar? maser oscillation parameters were not
3s ideal 4. mignt be achleved w:th improved cech-
aiques of buib and cavity processing, it was de=~
fidea to Iry a new methoa of cavity Q enhaancement
45 an alternacive design approach to assure effi-
Sient vperation and to facilitate tests. This
was successful, and using this method the bread-
Soars maser oscillated. The effect on maser
stability and the method used are discussed in
the folilowing sections.

The minimum cavity Q for oscillation was
approximately 20,000, the hydrogen flux was
3 x 1073 Torr-liter/second, and the line Q was
9 x 107, Use of a smaller line Q in the proto-
tvpe maser, and larger bulb aperture, will lower
the oscillation threshold and iessen the effect
of spin-exchange in reducing oscillation
amplitude.

Cavity Pulling

Factors which relate to the resonant cavity
supreunding the maser storage bulb are most
critical in determining whether the maser will
osciliace, how nigh the hydrogen eam flux must

2, 4nd to what extent the maser output frequency
is changed by cavity pulling. If che cavity
changes by an amount A f., the oscillationm
frequency will change by an amount
S fm = (Qe/Qp) * fo. Thus we woula like to
use a iow cavity Q. However, the flux required
for oscillation, as well as the spin-exchange
parameter, vary as (1/Qq), so too low a cavity Q
results in unreliable operation, low signal to
ncise ratio, a requirement for high flux, and
early pump saturation. So one iy i{orced to striie
a balance between achieving a practical oscil-
lating maser and attiinment of the best long
term stability.

in the smal, nydropgen maser, without Q
enhancement, the ratio of cavity Q to line Q is
approximatel: 1. 1073 which is comporable to
the vaiue attuined in conventional large hydrogen
masers. I active Q enhancement by some factor
is used, the maszr wiil be that much more
sensitive to cavity frequency changes. Also,
depending upur the technique used, there may be
sevece 2lectronic or environmental perturbations
of the maser output frequency.

“hile it s Clearly desivabie to minimize
the amount »f Q snhancement used, the small ratio
of Q¢ to 1, as weil as the low cavity thermal
coefficisut, perits Q. tn be raised significantly

while still maintaiaio g 400d (ung ferm stadbiiily,
providing some of ine prob.ems .naerent 1n provis
ous attempts tO use¢ J ennancement ¢an De avoised.

Active Cavity Q Ennancement

Figure 2 1llustrates twJec sz-preaches to - /ero-
gen maser cavity Q ¢ahancement. Figere 13 .l .-
trates the methods described in references (. ara .
(5). Two coupling loops are used ana coaxial
cable connecrs these to a variable gain ampl:fier,
a oand-pass .ilter, and a phase matching circuit
so that a si,nal of proper amplitude anda phase is
returned to the cavity to reduce the losses. The
amplifier, filter, phase matching network, and
2caxiai connections are outside the therma.ly con-
trolled and shielded region of the maser cavity.
The inherent mechanical, thermal, and electronic
perturbations inherent in this method :ntroduce
unaceptable ireguency perturbations for use as a
standard. Wang’ has added a cavity stabilizatior
servo to avoid these problems, however, this
entails additional complexity, as well as new
perturbations.

Figure 2b i1llustrates the method developed
for use in the small hydrogen maser. In this
case, a transister amplifier is couplec direzrly
to a single loop within the maser cavity. The
phase and gain parameters are adjusted by varying
the bias voitage. The circuit is mounted on the
cavity adjacent to the magnetic shield. Using
swept frequency methods, the enhanced cavity
resonance is measured just as in a conventional
maser cavity without gain. The signal is detected
through a separate, independent, loop using vervy
light coupling. It should be emphasized that the
only real difference between these two figures is
that there are no KF components, other than the
output connection, outside the maser inner
magnetic shic.ld in Figure 2b. Thus one mav
achieve the degree of therma. and mechanical
stability typical of a single cavity structure.

Extremely Small Hydrogen Maser

If active cavity Q 2nhancement is to be usec,
the usual restrictions oncavity size are greatly
reduced. Ia fact, by reducing cavity size, omne of
ihe most difficult problems can be eliminated. In
a large cavity there are numerous high Q resonant
modes. To avoid spurious oscillations one must
couple only to the proper mode, or assure that the
gain at extraneous resonance frequencies is small.
This can be accomplished by a band-pass filter in
the conventional method of figure Za, or by proper
configuration of the cavity and judicious orien-
tation of the coupling loop in the method of
figure 2b. ’

A nmuch better way is to make the cavity small
enough that the onlv mode within the Sand-pass of
the cavity amplifier is the one desired at the .
hydrogen frequency. A cavity &4 inches long by
2 inches diameter, with bulb 1 inch in diameter

having electrodes configured as in reference (1),
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nav e mdde resonanl an the proper mode, and
CXEPJAAROUS FE¥ININCES AL 4n dCldve OT more
argher 10 trequency. A test cavaty of copper,
With 4 quarts tube, whicn closelv approximated
the Jdesired physicais shape and electrical para-
meters, has been measured. The loaded Q ranged
from 5,700 with no active gain, to over 50,000
with gain, and could be controlled by bias
voitage variation within this range. There were
a0 other resonances within the 1,800 MHz maximum
frequency of the instrumentation.

The line Q of a maser with a oge inch
jiameter oulb would be abour 4 x 107, extrapolat-
wng from che 2 inch Jiameter bulb of the SHM or
he 5 inch dismeter bulb typical of large hydro-
gen masers. With an enhanced cavity Q of 24,000,
the pulling factor is only & x 105, The thresh-
oid for oscillation will go down directly as the
bulb i:iameter, so less hydrogen f{lux will be re-
juired.  The spin exchange parameter will remain
essentially uachanged from that of larger masers.
Of course, the intrinsic accuracy will be about a
factor of 5 worse than that of large hydrogen
masers, so use as a fundamental standard is not
anticipated, buc where the requirement is for
cxceptional stability for periods up to a few
1ays or 4 Lew weeks, the ESHM may be very useful.

Figure 3 is a drawing which illustrates the
remar<acle size reduction that may de accomplish-
ed. This shows the "physics package' of a design
which 1s only 5 inches in diameter and 10 inches
in iengch. This is also, most likely, the smali-
est practical size, since the source assembly is
about rhe size of the cavity, and may not be
reduced significantlv without encountering dis-
socilator proviems. The pump and the required
electronics are also comparable in weight and
size to the physics package, thus there is little
motivation to further reduce the physics package
size.

Stability Goals

’

Figure % illustrates the stability goals for
the "Extremely Small Hydrogen Maser,” as well as
the ¢xpected performance of the "Small Hydrogen
Maser.'" For reference, the stability currently
realized with typical good conventional large
hvdrogen masers is shown.

Though the stability of the SHM (or the
ESHM) has not yet been measured, there is a good
hasis {or predicting what it should be if we
achieve cavity stability similar to that which
is obtalned with anajogous el-:ctro-mechanical
oscillators under optimum environmental con-
ditions. Tt should be emphasized that the hydro-
gen maser mav be viewed as a device which improves
upon the stability of 1 cavity resonator by the
ratio of line Q to cavity Q - typically about
a factor of 127,

Theoretical noise limits Jdo not provide a
zo0d basiys {or estimacing the stability of a
zain-rnhanced cavity svstem because long term

>V¥CLemACLle vartabies or the Jegree of environ=
mental i1solation achicved Jre the precominant
considerations. Consideration of the performance
of devices such 38 super-conducting cavity s»tabi-
lized oscillators, or crystal oscillators, wnicn
depend directly on grass physicsl dimensions just
as a microwave cavity does, give a very optimistic
view of the stability potential for a maser with
enhanced cavity Q. For example, improvement dy a
factor of 6 x 1077 over the stability of a very
good crystal oscillator would give stabilities

in the 10717 range (other limits, sucn as per-
turbing noise¢ or additive noise, would actuaily
be encountervd before this level is achievea.:

Thus the simple addition of an ampiifier in a
cavity ioop does not inherently make the system
unstable in trequency. There is, therefore, a
very good basis for predicting the stabiiitics
illustrated in figure o for the "Extremeiy Small
Hydrogen Maser” as well as for the "Small
Hydrogen Maser."

Conciusion

The work reported nerein has been undertaken
to demonstrate that the excellent stability pro-
perties of a good hydrogen maser mav de achieved
with practical masers which are an order of magni-
tude smaller and lighter than the conventionai
large maser. The present results and considera-
tions provide an excellent bdasis for confidence
that this goal may be attained.
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MISSION
of
Rome Air Development Center

RADC plans and executes research, development, test and
selected acquisition programs 4in suppornt of Command, Control
Communications and Intefligence (C31) activities. Technical
and engineening support within arneas of technical competence
48 provided to ESD Program 04fices (POs) and other ESD
elements. The principal technical mission areas are
communications, electromagnetic guidance and control, sur-
veillance of ground and aerospace objects, intelligence data
collection and handling, infornmation system technology,
Lonosphernic propagation, solid state sciences, microwave
physics and electronic neliability, maintainability and
compatibility.
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